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Despi te the widespread use and success of 18 F-FDG PET/CT for cancer imaging, the potential benefits of amino acid-based tracers with a potentially higher specificity have been discussed and investigated in the past (1) . Especially, the well-known accumulation of 18 F-FDG in inflammatory lesions-indistinguishable from tumor accumulation-can lead to over-staging of patients. One wellestablished concept for improved tumor specificity is the increased expression of amino acid transporters in transformed cancer cells, leading to increased accumulation of amino acids in tumor cells (2) . The general feasibility of amino acid imaging in different tumor types has been demonstrated extensively (3) . However, several studies have shown an insufficient sensitivity for some amino acid tracers, for example, O-2-18 F-fluoroethyl-L-tyrosine ( 18 F-FET) for head and neck cancer (4-6). The situation is different for brain tumors, for which 18 F-FET is established and helpful in differentiating inflammatory from cancerous lesions and in tumor grading (7) . Furthermore, 18 F-FET has added value in therapy assessment after surgery or radiotherapy of malignant gliomas (8) .
(D)-18 F-fluoromethyltyrosine (D-18 F-FMT), or BAY 86-9596, is a new diagnostic amino acid PET tracer. Close bioisosteres of L-amino acids labeled for imaging with 18 F tend to behave like their naturally occurring counterparts, and some are integrated and metabolized by mammalian cells, resulting in a significant uptake in nontumorous cells, whereas D-isomers are characterized by a faster clearance (9) . The principle of using D-amino tyrosine derivatives was introduced by Tsukada et al. (10, 11) . Comparison of D-18 F-FMT with other "alkyl"-tyrosines showed the superiority of D-18 F-FMT over D-and L-18 F-FET or D-and L-fluoropropyltyrosine regarding tumor uptake rate in mice (10) . These results suggest that tumor uptake decreases with an increasing length of the alkyl chain carrying the 18 F label. A high tumor accumulation of D-18 F-FMT along with a rapid blood pool clearance resulted in favorable images with significant tumor-to-blood pool and tumor-to-organ ratios for D-18 F-FMT in tumor-bearing mice and rats (12) and could also be confirmed in a mouse bone metastasis model originating from renal cancer cells (13) . D-18 F-FMT was successful in monitoring the radiotherapy response of tumors in mice bearing tumors with a squamous cell carcinoma cell line (14) .
A significant limitation of 18 F-FDG PET imaging is the accumulation in inflamed tissues, leading to false-positive results (15) . D-18 F-FMT proved to have no accumulation in turpentine-induced inflammatory tissue in a mouse model, whereas 18 F-FDG displayed significant uptake and retention (11) .
Therefore D-18 F-FMT could supersede the currently used tyrosine derivatives because of its significant tumor uptake and rapid clearance, potentially resulting in an earlier image acquisition and improved tumor-to-background levels. Herein, the first results, to our knowledge, are reported on the tracer safety and diagnostic potential of D-18 F-FMT in patients with head and neck squamous cell cancer (HNSCC) and patients with non-small cell lung cancer (NSCLC).
MATERIALS AND METHODS

Patients
This prospective study was performed in 2 centers and approved by the Institutional Review Board of each. The conduct of the study met all local legal and regulatory requirements and was in accordance with the ethical principles originating from International Conference on Harmonization guideline E6: Good Clinical Practice. To be included in the study, patients had to give written informed consent; be between 30 and 80 y old; if female, either have no childbearing potential or not be pregnant or nursing; have an Eastern Cooperative Oncology Group performance status of 0-2; have a life expectancy of more than 3 mo; and have confirmation of adequate function of major organ systems. In addition, inclusion in the study required that patients have undergone clinically indicated 18 F-FDG PET/CT for staging, restaging, or therapy response assessment that showed a tumor mass with 18 F-FDG uptake and a high certainty for NSCLC or HNSCC, followed within 21 d by D-18 F-FMT PET/CT, with no chemotherapy, radiotherapy, or immune/biologic therapy or biopsy performed or scheduled between the 2 scans. The final inclusion criterion was histopathologic or cytologic confirmation of malignancy.
Safety data were acquired for each patient 1 d before the scan, after the scan, and 1 d after D-18 F-FMT PET/CT injection. Clinical followup data were collected for all patients.
Image Acquisition and Analysis D-18 F-FMT PET/CT Scan. All patients were injected with 300 MBq of D-18 F-FMT. For the first 6 patients, a 20-min dynamic PET acquisition was started at the tumor region right after injection. Afterward, 3 whole-body PET images were acquired after 30, 45, and 60 min. These data were used to determine the optimal imaging time point for D-18 F-FMT. In an interim assessment before patient 7, it was decided to obtain 2 whole-body D-18 F-FMT scans, the first at 30 min after injection and the second at 45 min, for patients 7-20.
Image Analysis
18 F-FDG images were analyzed by 2 dual-board-certified nuclear medicine physicians and radiologists in consensus. D-18 F-FMT images were analyzed by the same readers, with a direct comparison of both scans.
Lesions suggestive of or unequivocal for malignant involvement were visually judged for 18 F-FDG and D-18 F-FMT activity, with 2 indicating no increased uptake, 1 indicating just slightly increased uptake (more than background), and 11 indicating markedly increased uptake.
Furthermore, a quantitative analysis of 18 F-FDG versus D-18 F-FMT accumulation was performed using the maximum standardized uptake value (SUV max ) ratios of tumor to blood pool to determine the relative uptake into malignant tissue.
D-18 F-FMT Preparation
The radionuclide 18 F and the drug substance (R)-2-amino-3-(4-18 Ffluoromethoxyphenyl)-propionic acid hydrochloride were produced at both clinical sites, starting from a precursor compound that had been produced following good manufacturing practice guidelines. D-18 F-FMT was synthesized as previously described (11) .
Statistical Analysis
Quantitative data are expressed as mean 6 SD if normally distributed or as median with ranges if nonnormally distributed. Diagnostic performance, detection rate, and accuracy were determined by comparing the results of D-18 F-FMT PET/CT and 18 F-FDG PET/CT with the standard of reference on a per-patient and per-lesion base using the x 2 test for related variables. Patients were divided into groups above and below the median of the tumor-to-background ratio for D-18 F-FMT and 18 F-FDG, and Kaplan-Meier graphs were generated to determine associations between tracer uptake and overall survival for NSCLC and HNSCC (significance was determined using the log rank [Mantel-Cox] test). T/BP 5 tumor-to-blood pool ratio; AC 5 adenocarcinoma; SCC 5 squamous cell carcinoma; TP 5 true positive; FN 5 false negative; FP 5 false positive; TN 5 true negative; 11 5 markedly increased uptake; 1 5 slightly increased uptake (more than background); − 5 no increased uptake.
RESULTS
Patient Characteristic
Thirty-nine patients were screened, of which 18 were not randomized. One patient was excluded after randomization before D-18 F-FMT injection because of acute renal failure. Two patients were excluded after the D-18 F-FMT scan, because the requested study dose of 300 MBq of D-18 F-FMT was not achieved; both patients received only 200 MBq of D-18 F-FMT (Fig. 1) . The mean delay between the scans was 7 6 5.1 d (with a range of 1-18 d).
A total of 18 patients (13 men and 5 women), 10 with NSCLC and 8 with HNSCC, were included. They ranged in age from 44 to 77 y (median, 64 y). In total, 54 suggestive lesions were identified; 52 were 18 F-FDG-positive, with a median tumor-to-blood pool ratio for SUV max of 3.2 (range, 1.1-7.3). The absolute median uptake for 18 F-FDG was an SUV max of 8.9 6 4.3 (range, 2.2-20.5). Thirty-four malignant lesions were D-18 F-FMT-positive, with a median tumor-to-blood pool ratio for SUV max of 1.5 (range, 1-3.2) and absolute values for SUV max of 4.6 6 1.6 (range, 2.1-8.7). Only 2 lesions were negative on 18 F-FDG but detected on D-18 F-FMT. In 37 lesions, pathologic findings were available as a standard of reference (27 lesions with histologic results and 10 with cytologic results). For 9 lesions, follow-up imaging was used as a standard of reference (3 with MR imaging of the spine, 5 with CT follow-up examinations, and 1 with an 18 F-FDG PET/CT follow-up examination). Four lymph nodes, highly suggestive of metastatic involvement on the initial 18 F-FDG PET/CT study, did not undergo further evaluation before radiotherapy (SUV max median, 6.1; range, 5.1-11.5). Three lesions could be identified as inflammatory changes in tonsils on physical examination (Tables 1 and 2 ).
Safety
The injection of 307 MBq (SD, 10.2 MBq; range, 288-325 MBq) of D-18 F-FMT was well tolerated. Safety data did not show any alteration in the sequential pre-and postdosing blood values, electrocardiograms, urine testing, or physical examinations.
Results for NSCLC
On a patient-based analysis, 18 F-FDG PET/CT correctly staged 5 of 10 patients (50%) and under-staged 1 patient (10%): histopathology confirmed metastases in ipsilateral mediastinal lymph nodes, which were considered reactive on 18 F-FDG PET/CT because they were only mildly enlarged and 18 F-FDG-negative (Fig.  2) . Four patients were over-staged (40%): in 2 patients increased 18 F-FDG uptake in osseous lesions was considered suggestive, but follow-up MR imaging proved degenerative changes; in 1 patient pneumonia could not be differentiated from a secondary tumor (Fig. 3) ; and in 1 patient an 18 F-FDG-active contralateral mediastinal lymph node was considered suggestive of metastasis but was negative on pathologic examination (Table 3) .
Six of 10 patients (60%) were correctly staged on the basis of the D-18 F-FMT scan. Three patients were under-staged (30%): in those patients the primary tumor did not show any D-18 F-FMT accumulation above the background level. Only 1 patient (10%) was over-staged, having a D-18 F-FMT-positive lesion in the lumbar spine that was considered unequivocal by both readers.
In 10 patients with NSCLC, a total of 24 lesions were identified. On a lesion-based analysis, 18 F-FDG PET/CT correctly identified 16 lesions as true-positive, and 13 lesions were true-positive on D-18 F-FMT scans. Six lesions were false-positive with 18 F-FDG: 3 were degenerative bone changes, 1 was a reactive lymph node, and 2 were pulmonary infiltrates. Two lesions were false-positive on D-18 F-FMT, both corresponding to degenerative bone changes. Two lymph nodes were false-negative on 18 F-FDG PET, and 5 lesions were false-negative on D-18 F-FMT: in 3 cases the primary tumor showed no D-18 F-FMT accumulation above the blood pool level, and in 2 cases lymph nodes were missed on D-18 F-FMT PET/CT.
For patients with NSCLC, the overall lesion-based analysis for 18 F-FDG/D-18 F-FMT showed a detection rate of 89%/72% (x 2 , P 5 0.453), and the accuracy was 67%/71% (x 2 , P 5 0.751).
Results for HNSCC
On a patient-based analysis, 18 F-FDG PET/CT correctly staged 4 of 8 patients (50%) and over-staged 4 patients (50%). In 3 patients high 18 F-FDG uptake in the tonsils was considered suggestive, but clinical examination confirmed only inflammatory changes. These tonsils were all D-18 F-FMT-negative. On D-18 F-FMT, 5 of 8 patients (63%) were correctly staged. Three patients were under-staged (38%): in 1 patient the primary tumor did not show any D-18 F-FMT accumulation above the blood pool level, and in 2 patients contralateral or mediastinal lymph nodes were D-18 F-FMT-negative.
A total of 30 suggestive lesions were identified for the 8 patients with HNSCC. On a lesion-based analysis, 18 F-FDG PET/CT correctly identified 26 lesions as true-positive; on D-18 F-FMT scans, 21 lesions were true-positive (Fig. 4) . Four lesions were falsepositive for 18 F-FDG: they consisted of 3 inflammatory changes in the tonsils and 1 reactive lymph node. Five lesions were falsenegative on D-18 F-FMT: in 1 case the primary tumor showed no D-18 F-FMT accumulation above the blood pool level, and in 4 cases lymph node metastases were missed on D-18 F-FMT PET/CT (Table 4) .
For patients with HNSCC, the overall lesion-based analysis for 18 F-FDG/D-18 F-FMT showed a detection rate of 100%/81% (x 2 rejected because there were no false-negative cases for 18 F-FDG) and an accuracy of 83%/81% (x 2 , P 5 0.337).
Taking all 54 lesions into consideration, a detection rate and accuracy of 95% and 78%, respectively, for 18 F-FDG and 77% and 78%, respectively, for D-18 F-FMT (x 2 , P 5 0.432/P 5 0.600) were achieved.
PET and Survival
After a mean follow-up of 21.6 mo (range, 4.2-40.7 mo), of the 18 patients 8 were alive with disease and 10 had died of disease. The median tumor-to-blood pool ratio was 3.2 for 18 F-FDG and 1.5 for D-18 F-FMT. Using this as a cutoff, Kaplan-Meier analysis showed a significant negative association between overall survival and D-18 F-FMT (P , 0.05) but not between overall survival and 18 F-FDG (P 5 0.93) ( Table 5 ; Fig. 5 ).
DISCUSSION
This study proved that tumor imaging with D-18 F-FMT is safe and feasible for NSCLC and for HNSCC.
The hypothesis that D-18 F-FMT would lead to an increased tracer accumulation compared with its L-isomer was further supported clinically in NSCLC patients, with a mean SUV max of 4.5 6 1.5 for D-18 F-FMT compared with 1.8 6 1.0 for L-18 F-FMT in the literature (17) . SUVs, however, are highly variable and depend on scanner properties, dose application, patient weight, and image reconstructions. Therefore, the value of a direct comparison with published L-18 F-FMT data is limited. D-18 F-FMT could not reach as high a tumor-to-blood pool level as that achieved with 18 F-FDG. D-18 F-FMT was able to detect more malignant lesions than 18 F-FDG in only 1 patient (5%), whereas relevant lesions were missed in 6 patients (33%). On the other hand, 18 F-FDG results were false-positive in 10 lesions overall, whereas D-18 F-FMT was false-positive in only 2 osseous lesions. MR imaging showed degenerative changes in both areas, with no evidence of malignancy, suggesting a tendency toward better differentiation between malignant and inflamed tissue. The reason for increased D-18 F-FMT uptake in sclerotic bone lesions is unclear. T/BP 5 tumor-to-blood pool ratio; TP 5 true positive; FN 5 false negative; FP 5 false positive; TN 5 true negative; 11 5 markedly increased uptake; 1 5 slightly increased uptake (more than background); − 5 no increased uptake.
Many of the false-positive findings on 18 F-FDG scans were due to inflammatory or infectious changes in tonsils, pulmonary infiltrates, or lymph nodes. Although further investigation (clinical examination or biopsy) could help to elucidate the cause of these false-positive findings, further examinations and more tests would be required for those end-stage patients. Especially in areas with endemic granulomatous disease, high uptake in mediastinal lymph nodes can lead to false-positive findings, thereby over-staging patients with NSCLC. A PET tracer with higher specificity would therefore be especially desirable in these areas. The usefulness of L-18 F-FMT in sarcoidosis patients has been suggested by Kaira et al., emphasizing the higher specificity of LAT-1 imaging than of 18 Interestingly, we also observed a tendency for NSCLC, with fewer false-negative cases for squamous cell cancer than for adenocarcinoma; this finding was also observed for L-18 F-FMT in a larger cohort of 50 NSCLC patients studied by Kaira et al. (19) . In a subsequent study, they further investigated L-18 F-FMT in 98 patients with NSCLC. In this study group, SUV max for L-18 F-FMT was an independent and significant predictor of overall survival, whereas 18 F-FDG did not reach significance in a multivariate analysis (17) . This study could confirm a significant negative correlation between a high tumor-to-blood pool ratio for D-18 F-FMT and overall survival (P 5 0.05), whereas the tumor-to-blood pool ratio for 18 F-FDG did not reach significance (P 5 0.93). However, these results have to be viewed with caution and may show only a possible trend in this heterogeneous cohort of only 18 patients, taking into account that univariate analysis using dichotomous cutoffs might further reduce the significance of the results.
Additional studies with larger patient cohorts will help to further substantiate the hypothesis of a direct correlation between tumorto-blood pool ratio and survival prognosis. The main limitation for studies in patients with multiple metastases and for this study in particular is the limited access to histopathologic samples on a lesion-by-lesion basis to define accurate staging.
CONCLUSION
This first-in-humans study showed the feasibility and safety of D-18 F-FMT imaging in NSCLC and HNSCC. The results showed a trend toward a lower sensitivity for D-18 F-FMT than 18 F-FDG along with a higher specificity due to the lack of uptake in inflammatory tissues. This finding may lead to improved clinical management of patients in areas with endemic granulomatous disease.
Furthermore, a significant correlation between high D-18 F-FMT uptake and overall survival could be shown. Future studies with larger cohorts are needed to show the clinical value of D-18 F-FMT for survival prediction and other tumor entities, particularly in comparison to 18 F-FDG.
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